Abstract-This paper presents the design of a broadband circular polarization truncated horn antenna with single feed. It does not require any complex feeding structure and uses only a coaxial feed extended with a simple electric field coupling probe. The corners of the horn are truncated to generate circular polarization modes, and a broad axial ratio bandwidth which is insensitive to the probe feed dimension is achieved. Simulated and measured results of an S band truncated horn antenna are presented. The antenna has a broad 3 dB axial ratio bandwidth of 26% with aperture efficiency of 60%.
INTRODUCTION
Circular polarization (CP) antennas are preferred for satellite applications as they yield higher probability of communication link. For such long distance communication, horn antennas are commonly used as feeds for high gain reflector antennas. In most cases, horn antennas with single feed are of linear polarization [1] , whereas dual linear horn antennas [2, 3] with dual feeds and 90 • hybrids are required to radiate CP. However, the performance of dual linear horn antennas such as the ridged horn antenna suffers from manufacturing and assembling tolerances [4] .
In [5] , an L-shaped probe can be used to generate CP with about 20% 3 dB axial ratio bandwidth. However, the axial ratio is sensitive to the probe dimension and the antenna must be fed by a coaxial line. In [6] , a coaxial to waveguide adapter that generates CP was designed using polarization twisting and phasing structure. However, the 3 dB axial ratio bandwidth is only 5%. Orthomode transducer (OMT) can be integrated into dielectric load horns to generate CP [7] . It has dual band and dual polarization capabilities. But such design requires phase shifter, hybrid and power dividers. In [8] , mode converting antenna that generates CP from coaxial transverse electromagnetic modes was designed. The structure is complicated as metal plates need to be inserted into the coaxial waveguide to obtain the CP modes. In [9] , an oval shape waveguide polarizer was fed into a pyramidal horn antenna and a 3 dB axial ratio bandwidth of 18% was obtained Note that the cross section dimensions of the polarizer and horn antenna at the transition are different and they must be impedance matched to minimize the generation of higher order modes.
In this paper, we present the design of a broadband CP truncated horn antenna with single feed. It does not require any complex feeding structure and uses only a coaxial feed extended with a simple electric field coupling probe. The corners of the horn are truncated to generate CP modes, and a broad axial ratio bandwidth which is insensitive to the probe feed dimension is achieved. Simulated and measured results of an S band truncated horn antenna are presented. The designed antenna has a measured 3 dB axial ratio of 26% with aperture efficiency of 60%. All simulations are carried out using HFSS [10] . Figure 1 shows the geometry of the truncated horn antenna. It consists of a feeding waveguide and an aperture section. The feed waveguide is a square waveguide with truncated corners. It functions as an integrated cut corners waveguide polarizer which is flared open linearly to obtain higher radiation gain. The input is a coaxial feed extended with a simple electric field coupling probe. The cross section of the truncated horn antenna is similar to a single feed truncated microstrip antenna [11] [12] [13] .
DESIGN OF TRUNCATED HORN ANTENNA
A square microstrip antenna can be modeled using a cavity model with magnetic side walls resonating TM mode [14] . Meanwhile, a square waveguide can be modeled using a cavity model resonating TE mode with electric side walls. The two cavity models are dual and the basic operating principles of the truncated microstrip [15] can be used to describe the truncated horn antenna. The truncation of the corner of a square waveguide generates two orthogonal degenerate modes with cutoff frequencies given by [16] . The phase difference of these two orthogonal modes is adjusted to 90 • by properly selecting the truncation of the corners. The sense of the CP depends on which corners are truncated relative to the probe. The probe couples energy into the feed waveguide and is not involved in generating the degenerate modes as the modes are generated by the geometry of the truncated horn antenna. are orthogonal and directed along the diagonals. The magnitude of the electric fields along the diagonals of the truncated horn antenna (φ = ±45 • ) is shown in Figure 3 . The regions of high electric field intensity along the two cuts are 90 • out of phase. Therefore, along the feed waveguide, the two degenerate modes are orthogonal and 90 • out of phase. This forms the CP modes which will propagate towards the horn aperture and radiates CP. As mentioned above, the feed waveguide is a square waveguide with truncated corners. Its dimensions (before and after truncation) can be determined using the Q factor. The fractional bandwidth (BW fractional ) of the square waveguide is used to estimate the Q factor [15] 
A square waveguide is symmetrical in the transverse plane and will propagate TE 10 and TE 01 modes concurrently. The higher order modes of TE 20 , TE 02 , TE 11 and TM 11 will be able to propagate at 2f c , where f c is the cutoff frequency of the dominant mode. Thus the theoretical fractional bandwidth for the dominant mode is approximately 66%. Using (1), the Q factor is 1.07 when the BW fractional is 0.66 and the Voltage Standing Wave Ratio (VSWR) is 2. Figure 4 shows the top view of the truncated horn antenna in terms of A w , B w , A a and B a . A is the width of the waveguide after truncation and B is the width of the square waveguide (before truncation). Subscript "w" denotes the feed waveguide while subscript "a" denotes the truncated horn antenna aperture. Referring to the figure, the single electric field coupling probe is fed along the y-axis and is of Type A [12] . The dimension for A w and B w can be approximated using:
Equation (2) can be obtained by substituting Q with 2Q in the Type B formula [17] as it is known that the relative change in area ( ∆S S ) for Type B is twice of Type A when Q is fixed. Note that for the truncated horn antenna, good CP performance is not obtained using the original Type A formula [18] .
The gain of truncated horn antenna is increased by linearly flaring the feed waveguide A w and B w to a larger opening A a and B a . The peak gain required determines the aperture area. The flare angle is chosen to obtain the optimum phase deviation on the aperture surface. The normalized directivity curve of the electric plane sectoral horn is used to obtain the flare angle [19] . The electric field coupling probe is approximately λ g 4 from the short circuit wall and it is used to excite the waveguide modes. The diameter and height of the probe can be varied to obtain a good impedance match.
SIMULATED AND MEASURED RESULTS
An S band Right Hand Circular Polarization (RHCP) truncated horn antenna was designed and simulated using HFSS. The antenna dimensions are provided in Table 1 . The photograph of the fabricated truncated horn antenna is shown in Figure 5 .
The radiation pattern of the truncated horn antenna is measured in an anechoic chamber and its S 11 is measured by a vector network analyzer Anritsu 37347A. Figure 6 shows the simulated and measured axial ratio in the boresight direction. The measured axial ratio is better than 3 dB from 2.0 GHz to 2.6 GHz, thus the 3 dB axial ratio bandwidth is 26%.
By performing some simulations, we find that the 3 dB axial ratio bandwidth does not change significantly when the diameter of the electric field coupling probe is varied from 1.3 mm to 16 mm. Similar observation is found when the height of the electric field coupling probe is increased to 54 mm. This shows that the 3 dB axial ratio bandwidth is insensitive to the probe feed dimension. Figure 8 , the measured peak RHCP gain at 2.2 GHz is 16.58 dBi, thus the aperture efficiency is 60%. The simulated and measured S 11 (dB) response is shown in Figure 10 . It is better than −10 dB from 2.05 GHz to 2.80 GHz.
CONCLUSION
In this paper, the design of a broadband CP truncated horn antenna has been presented. It does not require any complex feeding structure and uses only a coaxial feed extended with a simple electric field coupling probe. The corners of the horn have been truncated to generate the CP modes, and a broad axial ratio bandwidth which is insensitive to the probe feed dimension has been achieved.
An S band truncated horn antenna has been designed, simulated, fabricated and measured. It has a bandwidth of 2.0 GHz to 2.6 GHz and may be used for Tracking, Telemetry and Command (TT&C) in satellite communications. The measured 3 dB axial ratio bandwidth is 26% with aperture efficiency of 60%. A circulator can be connected to the horn to separate the uplink (2.025 GHz to 2.110 GHz) and downlink (2.20 GHz to 2.29 GHz) signals. By using a waveguide transition, the truncated horn antenna may be fed from a rectangular waveguide TE 10 mode to handle higher input power.
